When crude oil is transported via sub-sea pipeline, the temperature of the pipeline decreases at a deep depth which causes a difference in temperature with the crude oil inside. This causes the crude oil to dissipate its heat to the surrounding until thermal equilibrium is achieved. This is also known as the cloud point where wax begins to precipitate and solidifies at the walls of the pipeline which obstruct the flow of fluid. The main objective of this review is to quantify the factors that influence wax deposition such as temperature difference between the wall of the pipeline and the fluid flowing within, the flow rate of the fluid in the pipeline and residence time of the fluid in the pipeline. It is found the main factor that causes wax deposition in the pipeline is the difference in temperature between the petroleum pipeline and the fluid flowing within. Most Literature deduces that decreasing temperature difference results in lower wax content deposited on the wall of the pipeline. The wax content increases with rising flow rate. As for the residence time, the amount of deposited wax initially increases when residence time increases until it reaches a peak value and gradually decreases. Flow-loop system and cold finger apparatus were used in literature investigations to determine the trends above. Three new models are generated through a regression analysis based on the results from other authors. These new models form a relationship between temperature difference, flow rate, residence time and Reynolds number with wax deposition. These models have high values of R-square and adjusted R-square which demonstrate the reliability of these models.
INTRODUCTION
The wax deposition has always been one of the most challenging and long-standing issues faced by petroleum industry when transporting crude oil via sub-sea pipelines. The temperature difference between the cold ambient temperature at the sub-sea level and the fluid is considered to be the main reason causing the formation of wax in the pipeline. For the wax to precipitate, the crude oil has to be at a temperature lower than WAT. This temperature is similar to the freezing point where a liquid or fluid begins to solidify [1, 2] . This causes a shrinkage in flow area of the pipeline deposited wax becomes thicker. When exposed to cold surroundings, the cooling of crude oil in the pipelines causes droplets to group together and solidifies, giving a cloudy appearance. The oil droplets eventually lose their flowability, causes blockage in the pipeline and can result in pressure rise Pipelines at an ocean floor experiences temperature of about 4°C and wax molecules begin to precipitate on the pipeline walls due to the cooling of crude oil by the surrounding [3] . However, throughout the pipeline, the heat loss is inconsistent because there is a differential temperature gradient along the pipeline and this affects the rate of wax deposition [4] . To solve this critical issue, it is necessary to investigate and understand and quantify the factors that cause the problem for optimum crude productivity and flow assurance. The influencing factors that affect the behavior of wax deposition include the temperature gradient across the pipeline wall and the fluid within, flow rate and residence time.
Investigation of these factors involve the studies of two methods: The flow-loop system and cold finger apparatus. In flow-loop experiments, the fluids are circulated in a loop which it will pass through one or several measurements. Cold finger, on the other hand, is an equipment that bears a resemblance to a finger hence the name. It consists of a cold finger (a cylindrical metal heat exchanger), which is kept at a lower temperature and immersed in a higher temperature of the crude oil. Two separate water baths are used to control both temperatures (crude oil and cold finger) which can be varied for different thermal gradient [5, 6] . It is simply a technique where a temperature controlled rod is submerged in heated oil, and a significant quantity of wax must precipitate before visual determination of deposition is visible. Therefore, this technique usually yields the lowest estimate of WAT and does not make a direct representation of wax deposition in oilfield pipelines [7] . Kelechukwu, Al Salim [8] conducted flow loop tests to investigate temperature difference, residence time and flow rate relations with wax deposition. The flow loop consists of several components: a stainless steel tank which acts as the reservoir, a twin pipe exchanger, a temperature controlled bath system and a hydrostatic pump whose purpose is to allow the mixture to move continuously. The reservoir tank has a radius of 180 mm and a height of 550 mm for holding 50 L reservoir. Included in the system is a centrifugal pump which is utilized to allow continuous flowing of the coolant (water), a bypass valve and thermocouples. The temperature was ranged from 40-55°C, and the flow rate was varied from 100-500 ml/min.
Charlton et al. 2017 [9] attempted to validate model of hydrate deposition used in OLGA. Molecular modeling is expensive, and an example is set of modeling Methane Hydrate by Chen et al. [10] . As understood the blockage risk in oil pipelines by hydrate [11] will cause problems in the years to come. Experiments on these phenomena are time-consuming and one of the bests approaches to perform solid-liquid-gas slug flow mechanistic model coupling hydrate dispersion formation with heat and mass transfer [12] . On the other hand, pore-scale formation of methane hydrate in the sand sediment using the phase-field model [13] is another way to capture the physics.
Mahto and Kumar [14] investigated temperature difference using flow loop setup that included 5 L hot bath filled with crude oil sample, which was pumped into test-tube of the flow line surrounded by a cooling jacket which is continuously circulating cooling water over the test tube. Their set-up is of smaller scale compared to experiments from Kelechukwu, Al Salim [8] . Deposition process initiates when circulating crude sample is cooled by the cooling jacket. The flow rate is determined by measuring the volume of crude oil collected in the measuring cylinder for a fixed time. After crude oil flows in the test tube for a different time interval (residence time), the flow is stopped, and diesel is circulated to wash the crude oil. The weight of the test tube is measured before, and after the experiment and the weight, difference indicates the amount of wax deposited during the flow. By studying and analyzing the results obtained from different authors, the objectives of interest is are enumerated in the followings:
• To quantify the temperature difference effect between the walls of the pipeline (Tp) and the fluid (Tf) on wax deposition.
•
Review the relationship between flow rate of the fluid in pipeline and wax deposition.
• Study the impact of wax deposition due to the residence time of the fluid in the pipeline.
To offer a general model of the factors influencing wax deposition.
What about the flow types?
RESULTS AND DISCUSSIONS According to research conducted by Kelechukwu et al. [8] , it is found that the deposited wax in pipeline decreases with increasing temperature difference. The results are shown in Figure 1 , Figure 2 , Figure 3 , and Figure 4 . All four figures measure the similar parameter but differ in residence time. It can be seen that at any residence time, wax deposition decreases at the nearly consistent rate when there is an increase in differential temperature across the pipeline wall and the fluid. For example in Figure 1 , at a low-temperature difference of 13°C, the wax deposit weight is at approximately 0.33% while this value decreases to as low as 0.1% when temperature difference increases to 28°C. Flow rate is maintained at 100 ml/min. When the flow rate is varied, the trend of the graph remains mainly unchanged.
A similar experiment was conducted by Mahto and Kumar [14] , and they obtained similar trend regarding the relationship between wax deposition and temperature difference. Their results are shown in Figure 5 , Figure 6 and Figure 7 where the water bath in their model was kept constant at 23°C to allow accurate measurement for wax deposition. Wax deposition decreases with increasing differential temperature across the pipeline wall, and the fluid which is in complete understanding of previous work carried out by Cole and Jessen [15] , Bott and Gudmundsson [16] and Haq [2] . However, these results were in disagreement with reports by Nazar, Dabir [17] and Jennings and Weispfennig [5] stating that increasing temperature difference will result in increasing amount of deposited wax. Impact on wax due to temperature difference conducted by Nazar et al. (2001) is illustrated in Figure 8 Jennings and Weispfennig [5] experimented using coldfinger system and stated that their results could provide some insight into wax deposition process even though not as accurate as flow loop tests to represent wax deposition in real life subsea pipelines. Creek, Lund [18] conducted a test by keeping a constant temperature difference between the pipe walls and flowing oil of 8.3°C while decreasing the inlet temperature of the oil to as much as 25°C below the WAT. These tests were performed under laminar conditions. It was found that no deposition was observed when there was no temperature difference. Kelechukwu, Al Salim [8] investigated the impact on deposited wax at the pipeline wall due to flow rate on wax as shown in Figure 9 , Figure 10 , Figure 11 and Figure 12 . At any temperature, it is observed that the deposited wax decreases with increasing flow rate. For instance, in Figure 8 , the deposited wax percentage is at approximately 0.33 % at 100ml/min flow rate. As flow rate increases, the deposited wax gradually decreases until it attains 0.2 % at 500 ml/min. This result can be explained in terms of viscous drag which increases due to increasing velocity of the fluid. Viscous drag acts as a resistance force to the flow of the fluid hence will increase with increasing velocity according to the fluid dynamics. This force helps to cause the wax deposition layer to become thinner or even remove the deposited wax completely provided that the shear stress of the deposited wax is exceeded. As we can see from Figure 5 , Figure 6 and Figure 7 , Mahto and Kumar [14] obtained similar trend when experimenting on the effect of flow rate. At constant residence time and temperature differential, the wax deposit weight percentage decreased with increasing flow rate. Research on the impact of flow rate conducted by Creek, Lund [18] found that deposited wax increases in thickness when flow rate increases. This result applies for both laminar and turbulent flow. Brown, Niesen [19] suggest that deposited wax is harder when it is formed at the higher shear rate. These results are in agreement with results by Lund [20] and Venkatesan [21] . Since the fluid flows in the pipeline is of turbulent flow, it contributes greatly to the decrease in deposited wax with increasing flow rate.
The increase in wax deposited however is due to a deposition process called diffusion in the laminar region. The decrease in a wax deposition with increasing flow rate while diffusion was responsible for the increase in a deposition with increasing flow rate in the laminar region [22] . Research also shows that when flow velocity exceeds 1.5 ms -1 , wax deposition becomes very weak. Experimental results from Kelechukwu, Al Salim [8] on residence time are illustrated in Figure 13 , Figure 14 , Figure 15 and Figure 16 , It was found that deposition of wax increases at a constant rate with increasing residence time but only up to certain point, where the deposition of wax increases at a slower rate. Lastly, the wax deposition decreases with increasing residence time. In Figure 13 , it can be seen that wax deposit weight percentage increases linearly from 0.32 % to 0.5 % when the time is increased from 3 to 6 min at constant 13 °C. Then, the wax deposition slows down greatly and only increases by 0.1 % for 9 min. Then, the deposited wax gradually decreases until approximately 0.4 % at 18 min. These trends were found at other experimented flow rates of 200 ml/min, 300 ml/min, 400 ml/min and 500 ml/min. The same author stated that residence time allows a higher rate of heat loss resulting in lower fluid temperature. This, in turn, causes the wax to precipitate and deposit at the wall of the pipeline. Since this experiment was conducted in a close-loop system, there is no continuous supply of fresh sample (fluid) therefore causing a depletion in a wax deposition at longer residence time. It was deduced that at a higher value of residence time, the amount of wax deposit drops because the layers of deposited wax provide thermal insulation [23] .
To further strengthen this obtained result, Mahto and Kumar [14] also obtained similar trend even though their experiments are conducted at a higher time value. Their result is shown in Figure 17 . These findings are in agreement with researchers by Cole and Jessen [15] , Bott and Gudmundsson [16] , Haq [2] and Towler and Rebbapragada [24] . However, it is important to note that this scenario cannot be applied in practical oilfield pipeline because the reservoir continuously supplies fresh crude oil. This result in shorter residence time for the fluid hence increased in wax deposition compared to experiments. Gooya, Gooya [25] conducted an experiment to investigate the relationship between ΔT, flow rate with wax deposition. The main difference his experimental setup differs from the other authors is Gooya et al. (2013) involves pipe length as the additional variable compared to the other authors. The results are shown in Figure 18 and Figure 19 . It is found that wax thickness is at maximum during the first 200 m in the pipeline and a higher ΔT is recorded when the flow rate is lower during the first 3500m. For higher flow rate, ΔT is higher. This is due to deposition mechanisms which result in decreasing the stripping rate and concentration gradient. This causes a decrease ΔT at pipe distance greater than 3500 m. (2) and equation (3) for wax deposit results based on Kelechukwu, Al Salim [8] , Mahto and Kumar [14] and Gooya, Gooya [25] respectively. For this model, the values of R-square and adjusted R-square are 0.867 and 0.862 respectively. The standard error is just a low 4.6%. The high value of adjusted R square and low standard error indicates that this model is a good fit. The coefficients for intercept, ΔT, flow rate and residence time are 0.46503, -0.01103, -0.00042 and 0.00724 respectively. For this model developed, the R-square and adjusted R-square values are 0.968 and 0.963 respectively. These extremely high values back the validity of this model. The standard error is just a lowly 3.8%. The coefficients for intercept, ΔT, flow rate and residence time are 2.34324, -0.02969, -0.00062 and -0.00128 respectively. This developed model had high values of R-square and adjusted R-square which records 0.9737 and 0.9730 respectively. The standard error is at 0.07% which can be neglected because of its extremely low value. From all these values, it can be concluded that this model is the most fitting among all three models. This model records 0.00592 for intercept, -4.1 x 10 -6 for ΔT, 2.15 x 10 -6 for flow rate, -120 x 10 -6 for residence time and lastly -0.00306 for Reynolds number. 
CONCLUSIONS
Literature review on the impacts of the temperature differential across the pipeline wall and the fluid within, flow rate and residence time have on wax deposition is conducted in this paper. Flow-loop system and cold finger apparatus are used to simulate the paraffin wax deposition at wall pipeline which forms one of the core issues in the petroleum industry. The amount of wax deposited is plotted for every experiment conducted by different authors so that they can be easily analysed for every factor. It is concluded that temperature difference between the wall of pipeline and the fluid within represents the most important factor for wax deposition. There is still uncertainty whether a huge temperature differential leads to less wax deposition due to different results produced by different work. However, it is absolute that the amount of deposited wax decreases with the increased flow when conducted with both experiment setups. Also, the deposited wax increases with residence time but attain opposite result when the certain maximum time value is achieved. Regression analysis is applied to generate models relating all three influencing factors with wax deposition. R-square and adjusted R-square values for all models exceed 85% which backs the validity of the models. In total, three new models are generated. Despite that, further work is still needed in this scope to obtain more concrete results so that the more accurate influential rate of these factors are determined compared to real life flowing in subsea pipelines.
